Forms of implicit memory, including repetition effects, are preserved relative to explicit memory in clinical Alzheimer's disease. Consequently, cognitive interventions for persons with Alzheimer's disease have been developed that leverage this fact. However, despite the clinical robustness of behavioral repetition effects, altered neural mechanisms of repetition effects are studied as biomarkers of both clinical Alzheimer's disease and premorbid Alzheimer's changes in the brain. We hypothesized that the clinical preservation of behavioral repetition effects results in part from concurrent operation of discrete memory systems. We developed two experiments that included probes of emotional repetition effects differing in that one included an embedded working memory task. We found that neural repetition effects manifested in patients with amnestic mild cognitive impairment, the earliest form of clinical Alzheimer's disease, during emotional working memory tasks, but they did not manifest during the task that lacked the embedded working memory manipulation. Specifically, the working memory task evoked neural repetition effects in the P600 time-window, but the same neural mechanism was only minimally implicated in the task without a working memory component. We also found that group differences in behavioral repetition effects were smaller in the experiment with a working memory task. We suggest that cross-domain cognitive challenge can expose "defunct" neural capabilities of individuals with amnestic mild cognitive impairment.
Introduction
Repetition effects, unconscious alterations in behavior, memory, or cognitive processing of a phenomenon upon repeated exposure, are typically found to be preserved in the context of clinical Alzheimer's disease 1 (Fleischman, 2007; Fleischman et al., 2005) . More than merely preserved, these effects are sometimes even enhanced. For example, in the weather prediction task, which requires that individuals unconsciously learn associations between symbols and a "weather" outcome by repetition, people with moderate to severe AD show enhanced performance relative to older adults without impairment (KlimkowiczMrowiec et al., 2008) . Many studies of implicit memory reflect this preservation, whereas explicit memory capacities such as working memory are impaired (Carlesimo et al., 2001 (Carlesimo et al., , 1998 Friedman et al., 1992; Kesselset al, 2011; Klimkowicz-Mrowiec et al., 2008; Mitchell and Schmitt, 2006) . The visual delayed-match-to-sample task is among the tasks that show this pattern (Broster et al., 2013; Kazmerski and Friedman, 1997; Schnyeret al, 1999) , and sparing in this context has been linked to plasticity at posterior cortex . Sparing of repetition effects has been linked to salutary cognitive rehabilitation interventions (Jean et al., 2010; de Haan, 2003a, 2003b; Lubinsky et al., 2009; Mimura and Komatsu, 2010; van Halteren-van Tilborg et al., 2007; White et al., 2014; Zanetti et al., 1997) . For example, implicit memory-based paradigms such as errorless learning and procedural memory stimulation show promise as cognitive rehabilitation targets (Mimura and Komatsu, 2010) . Hence, repetition effects have clinical relevance for persons with AD (Hopper, 2003) .
Some evidence runs counter to this narrative. In fact, absence of late time-window electrophysiological repetition effects has been proposed as a biomarker of AD (Olichney et al., 2006 (Olichney et al., , 2002 ; a biomarker of its earliest clinical stage, amnestic mild cognitive impairment (MCI) (Olichney et al., 2008) ; and even as a biomarker of its preceding stage, sometimes called pre-Alzheimer's disease (pre-AD), characterized by biomarkers of AD without clinical impairment (Olichney et al., 2013) . In these studies, participants without signs or symptoms of AD showed repetition effects in late event-related potentials (ERPs), but individuals with either AD or pre-AD (i.e., individuals with either clinical AD or biomarkers of AD without clinical symptoms) did not. In these experiments, word stimuli were displayed to participants, participants made a judgment about the content of each word, and individual stimuli were re-tested after a delay ranging from several seconds to about 2 min. The effect has proven reliable through multiple experiments and cohorts and has been reported to discriminate between pre-AD and individuals without disease with 84% accuracy (Olichney et al., 2006 (Olichney et al., , 2002 (Olichney et al., , 2013 (Olichney et al., , 2008 .
Both the status of behavioral and neural repetition effects in AD and their reliability as biomarkers are important clinical and experimental questions. If such effects are reliably intact in early AD, they represent an unappreciated clinical opportunity (Hopper, 2003) . On the other hand, if the reports of spared or enhanced effects are unreliable for whatever reason (e.g., being apparent only in cohorts with idiosyncratic characteristics), characterizing the source of the sparing to identify the scope of the effect would be clinically valuable and direct future experimentation probing the effect.
We suggest that the discrepancy between repetition effect manifestation in these experiments may result from extraneous task characteristics. For example, studies that found a lack of repetition effects often tested repetition effects concurrent with a task that required participants to make fact-based content judgments about the current stimulus (Fleischman, 2007) . By contrast, the repetition effects elicited by paradigms like the weather prediction and delayed-match-to-sample tasks were concurrent with explicit tasks requiring participants to either speculate about an outcome or recall items held in working memory, respectively (Broster et al., 2011 (Broster et al., , 2013 Klimkowicz-Mrowiec et al., 2008) . In other words, cognitive challenge appears to be common to circumstances where repetition effects appear spared, but this possibility has not been experimentally demonstrated.
We conducted two experiments to assess this possibility while recording event-related potentials to measure neural mechanisms of behavioral repetition effects. In the first experiment, participants with and without MCI evaluated the content of images, and each image was evaluated multiple times (Borget al, 2011; Kazuiet al, 2003; Mayet al, 2015; Zhang vet al, 2006) . In requiring content evaluation, this task is similar to studies that have shown impairment in repetition effects for persons with AD. In the second experiment, the same participants performed a repeated working memory task (i.e., delayed-match-tosample) with similar images (Guoet al, 2007; Lawson et al., 2007; Li et al., 2017 Li et al., , 2008 . We anticipated that repetition effects would manifest in persons with MCI only in the context of the concurrent working memory task .
Methods

Power analysis
We performed an a priori power analysis to estimate number of participants necessary to detect a moderate group × condition interaction using G*Power 3.0.10 (Faul et al., 2009 (Faul et al., , 2007 . We anticipated that all groups and conditions would have two levels, so MANOVA was used to estimate needed sample size. The analysis indicated that 30 participants would be necessary for 80% power to detect significant effects (α = 0.05).
In addition, we recruited participants as dyads, such that error attributable to within-dyad variance could be reduced (cf., below). This attribution generally improves power provided that degrees of freedom are sufficiently high, where the sufficient number of degrees of freedom depends on effect size (Cohen, 1988) .
Participants
32 older adult participants -16 with amnestic mild cognitive impairment (MCI), 16 with normal cognitive status (NC) -participated in experimental protocols. All NC participants were the spouse or longterm partner of an individual with amnestic mild cognitive impairment; hence, individual MCI participants were matched with their unaffected spouse for purposes of analysis. Of the participants, 22 were members of the University of Kentucky Alzheimer's Disease Center (UK-ADC) longitudinal clinical cohort while 10 were recruited from the Kentucky Neuroscience Institute (KNI) at the University of Kentucky. Recruiting directly from tertiary care memory clinics reduces the risk that cognitive effects observed result from non-AD memory impairment conditions such as thyroid or vitamin B 12 deficiency (Jicha et al., 2008; Luck et al., 2007) . Individuals in the UK-ADC cohort are assessed every year (prior to clinical change) or every 6 months (subsequent to clinical change) with a battery of neuropsychological tests including the Uniform Data Set (UDS) and the Geriatric Depression Scale, Short Form (GDS15). For participants who were part of the UK-ADC cohort, the UDS scores collected most proximal in time to research participation were consulted as descriptors of the cognitive status of participants; for participants who were recruited directly from KNI, research personnel trained in the administration of the UDS collected the UDS and GDS15 data on-site. One spousal dyad elected not to perform the on-site neuropsychological testing. Because other missing data were sparse, missing neuropsychological data was handled using the expectationmaximization (EM) algorithm. Summarized neuropsychological findings and associations are included as part of Table 1 . Additional neuropsychological details beyond the scope of this manuscript are included in Broster et al. (2017) .
In keeping with contemporary clinical criteria (Albert et al., 2011; Arsenault-Lapierre et al., 2011; Lekeu et al., 2010; Reid and Maclullich, 2006) , MCI was indicated by A) absence of dementia, B) absence of cognitive, clinical, or behavioral symptoms consistent with sources of non-amnestic cognitive impairment, and C) objective memory impairment evidenced by performance more than 1.5 standard deviations below age-standardized normal values on at least one of several memory measures including Wechsler Memory Scale Logical Memory (WMS-R), the California Verbal Learning Test (CVLT-II), and the Benton Visual Retention Test Forms C & D) . AD was diagnosed using Alzheimer's Disease Dementia Workgroup criteria, which hold, briefly, that insidious-onset dementia is present in the absence of another psychiatric or neurological condition (McKhann et al., 2011) . All participants were recruited directly from the tertiary care setting and had received comprehensive work-up to rule-out other psychiatric or neurological causes of cognitive impairment. Individuals with MCI had been diagnosed within 12 months of data collection, all research participants had been evaluated clinically within 12 months of data collection, and all research participants were evaluated clinically on an annual basis to check for conversion to MCI. After conversion to MCI, cohort participants were evaluated at least every 6 months. In other words, all participants were clinically evaluated both prior to and subsequent to research participation to confirm their clinical status. All participants were between age 65 and 92 with visual acuity better than 20/50 with corrective lenses in at least one eye. Exclusion criteria included history of stroke; epilepsy; head trauma; CNS infection, chronic infectious disease; psychiatric illness including substance abuse, major depression, or other mood disorder; or other neurological disease (Robert et al., 2006) . Participants taking medications known to negatively affect cognitive function, such as sedatives or opiates, were similarly excluded; however, participants taking cholinergic and similar medication to treat Alzheimer's disease were included in the study.
During initial screening for recruitment, individuals who reported themselves to be left-handed were excluded to reduce the influence of Table 1 Neuropsychological summary and associated correlations. NC 16 9 76.7 ± 1.4 16.7 ± 0.7 28.8 ± 0.3 14.1 ± 1.0 12.7 ± 1.1 8.0 ± 0.7 6.3 ± 0.3 6.1 ± 0.6 4.7 ± 0.3 19.6 ± 1.2 14.8 ± 0.9 37.5 ± 3.0 82.3 ± 5.5 40.9 ± 2.6 27.0 ± 1.6 1.0 ± 0.4 MCI 16 7 77.2 ± 1.5 17.1 ± 0.9 26.2 ± 0.7 7.4 ± 0.8 6.4 ± 1.0 8.7 ± 0.5 6.9 ± 0.2 5.9 ± 0.5 4.6 ± 0.2 13.6 ± 1.5 9.1 ± 0.8 54.4 ± 6.5 181.2 ± 21.9 32.9 ± 4.1 23.6 ± 1.1 2.0 ± 0. Variance displayed is the standard error of the mean (SEM) for each group. Because behavioral and electrophysiological repetition effects were empirically associated with interactions of clinical group, correlations depicted compare within-dyad differences in neuropsychological test scores with within-dyad differences in individual repetition effects. To reduce the impact of differential violations of normality assumptions, Spearman's ρ was used to assess correlations of each neuropsychological test with the behavioral and primary electrophysiological repetition effect in each experiment. For all neuropsychological tests except for TRAILA, TRAILB, and the GDS15, a larger score indicates better performance, whereas the opposite is true for TRIALA/B and the GDS15. Hence, the signs of correlations of TRAILA/B and GDS15 have been reversed in this chart for ease of interpretation. Positive ρ values indicate that large differences in the neuropsychological status of individuals in a dyad were related to large differences in the size of the relevant repetition effect; negative ρ values indicate that large differences in the neuropsychological status of individuals in a dyad were related to small differences in the size of the relevant repetition effect. Because missingness was relatively rare in this dataset, the expectation-maximization (EM) algorithm was used to impute missing variables using existing behavioral and neuropsychological data where actionable. Two individuals (one MCI, one NC) did not participate in neuropsychological testing, so they were excluded from that process and from those analyses.
For the analogous correlations with the main behavioral and electrophysiological repetition effect in Experiment 2, all correlations were non-significant (ps > 0.1) apart from a spurious association with GDS15 scores due to zero-inflation in that sample; consequently, for the sake of readability, those correlations have been omitted from this table. A modified subset of these data are included in a companion publication .
any associated electrophysiological sequelae on the data. However, during subsequent on-site re-screening, it was determined that two participants were born left-handed, but had been forced to learn to write right-handed early in life. Because these individuals were balanced in terms of their cognitive status (i.e., one NC, one MCI), we decided not to exclude their data from the analyses.
Measures and procedures
All participants performed two experiments: an affective repetition task ( Fig. 1) , and an emotional delayed-match-to-sample task (Fig. 2) . Additionally, all but two participants either made the neuropsychological data from their most proximal UK-ADC visits available to research personnel or agreed to undergo equivalent neuropsychological testing on-site, as actionable.
For Experiment 1, participants performed an affective repetition task while electroencephalography was performed (Fig. 1) . Participants observed images from the International Affective Picture System (IAPS) and performed a distractor task of judging whether images contained human or human parts (hereafter, "HHP"), and individual emotional images were tested multiple times with variable jitter (Fig. 1) . Participants pressed the "A" and "L" keys on a keyboard to indicate each response. To reduce the difficulty of the task for participants less familiar with use of keyboards, all other keys on the keyboard had been removed. Incorporating multiple memory faculties into a single paradigm, as in the emotional enhancement effect-repetition paradigm used in this study, facilitates the interpretation of resultant interaction effects (Kennedyet al, 2009; Paller, 2008, 2009) .
360 trials were performed altogether in 3 blocks of 120 trials each. Each block lasted approximately 7 min and included periodic "rest" periods of approximately 10 s. Each trial consisted of the presentation of a single image, and each image in the study was tested exactly 3 times. Images were presented pseudorandomly with respect to stimulus type. The response key (i.e., "A" or "L") used to indicate each HHP response was balanced within-participants, within-dyads, and betweendyads. That is, the hand that participants would use to indicate whether HHP were included in each image was switched between blocks (e.g., if it was "A" during block 1, it would become "L" during block 2); for each dyad of participants, the initial key used to indicate HHP being present was counterbalanced (e.g., if the participant with MCI used "A" during block 1, his or her spouse sued "L" during block 1); and for each alternating dyad of participants, the initial key used by the MCI participant in the dyad was counterbalanced (e.g., if the participant with MCI in the first dyad used "A" during block 1, the participant with MCI in the second dyad used "L" during block 1). During each block staff monitored participant behavior and performance using a video camera and real-time NeuroScan behavioral performance feedback, respectively. Participants took a short, self-paced break between blocks that typically lasted about 60 s. During this time researchers confirmed the comfort of participants and provided encouragement to participants that included reassurance about the ambiguity of the task for some stimuli. In this experiment, the ongoing task was intended primarily to ensure that participants remained focused on the content of the images to ensure their affective impact, and the ongoing task was not correlated with the implicit emotional manipulation employed. Due to previous experience that accuracy feedback disproportionately impacts participants with MCI, participants did not receive accuracy feedback (J. Li et al., 2017) .
Because of the relative simplicity of the task and in the interest of participants' time, participants were not required to perform a practice session before participating in this task unless they elected to. No participants elected to participate in a practice session for this task.
For Experiment 2, participants performed an affective delayedmatch-to-sample task with repetition while electroencephalography was performed (Fig. 2) . During each trial, participants were first shown two sample images surrounded by a green border and asked to commit this image to memory. Then, they were directed to indicate whether sequentially-presented images matched a sample image. Participants pressed the "A" and "L" keys on a keyboard to indicate matching or non-matching responses. To reduce the difficulty of the task for participants less familiar with use of keyboards, all other keys on the keyboard had been removed. Incorporating multiple memory faculties into a single paradigm, as in the emotional enhancement effect-repetition paradigm used in the current study, permits a relatively naturalistic observation of cognition (Kennedy et al., 2009; Paller, 2008, 2009) .
384 trials were performed altogether in 4 blocks of 96 trials each. Each block lasted approximately 5.5 min and included periodic "rest" periods of approximately 10 s. Each image in the study was tested 2-4 times, and images were presented with a pseudorandom presentation Fig. 1 . Experiment 1 Schematic. This schematic summarizes the course of the affective repetition paradigm. Participants indicate whether the content of each image includes humans or human parts, and individual images are all repeated exactly twice after variable lag. Individual images differed in their hedonic valence and arousal levels (i.e., low arousal positive, LAP, or high arousal negative, HAN). The non-occluded image has been graphically blurred in keeping with publication standards for IAPS images; the blurring is not intended to imply that IAPS images were blurred during experimentation. Fig. 2 . Experiment 2 Schematic. This figure summarizes a typical trial in the current experiment. First, two sample images are displayed with a green border, and participants are directed to commit these images to memory. Then, text images are displayed one-by-one, and participants indicate whether each image was among the sample images from that trial by keyboard press. The non-occluded images have been graphically blurred in keeping with publication standards for IAPS images; the blurring is not intended to imply that IAPS images were blurred during experimentation.
sequence. The hand used to indicate a "match" response was balanced within-participants, within-dyads, and between-dyads. That is, the hand that participants would use to indicate a match was switched between blocks (e.g., if it was "A" during block 1, it would become "L" during block 2); for each dyad of participants, the initial key used to indicate a match was counterbalanced (e.g., if the participant with MCI used "A" during block 1, his or her spouse sued "L" during block 1); and for each alternating dyad of participants, the initial key used by the MCI participant to indicate a match in the dyad was counterbalanced (e.g., if the participant with MCI in the first dyad used "A" during block 1, the participant with MCI in the second dyad used "L" during block 1). Participants took a short, self-paced break between blocks that typically lasted about 60 s. During this time researchers confirmed the comfort of participants and provided encouragement to participants that included reassurance about the difficulty of the task. Because of previous experience suggesting that negative accuracy feedback was disruptive to individuals with MCI's subsequent performance, participants did not receive accuracy feedback (Broster et al., 2013) .
A 5-min practice period preceded Experiment 2 to ensure that participants were comfortable with the cognitive and motor components of the task. This practice period was also designed to reduce or eliminate the influence of motor learning confounds on any repetition effects. During the practice period research personnel remained in the experimental chamber with the participant and provided oral feedback related to performance. As in the 2 blocks of formal experimentation, computerized feedback was not provided.
For all but one dyad, both the participant with MCI and the unaffected spouse or partner came to the laboratory at the same time. In such events, the participant with MCI participated in research protocols first, and the unaffected participant participated subsequently. While the spouse was participating in the task protocol, the participant was rescreened for eligibility and known confounds, and the UDS battery was administered if applicable. One dyad preferred to come to the laboratory separately due to scheduling conflicts, and they were the only exception to this aspect of the protocol.
Visual stimuli
Stimuli were 120 re-sized two-dimensional 8.3 cm × 5.8 cm IAPS images. All stimuli were presented on a high-resolution color monitor using E-prime software. Sample images were presented with a thick green outline for 3 s, and each test stimulus was presented for 1.5 s. Both individual images and individual trials were separated by a 1.1-1.4 s jitter interval, which was employed to prevent bias in RT measures due to participants anticipating stimulus onset. Stimuli were presented at a 65 cm visual distance at a visual angle of approximately 7°.
IAPS images have been extensively tested and validated for numerous features including hedonic valence and arousal ratings in younger adults (Lang et al., 1998; Libkuman et al., 2007) . However, the validation of IAPS images in older adults and adults with cognitive impairment is relatively limited (Gruhn and Scheibe, 2008) . In particular, in older adults the hedonic valence and arousal dimensions of emotional judgments, which are largely independent in younger adults, become coupled such that high arousal is associated with negative hedonic valence and low arousal is associated with positive hedonic valence (Gruhn and Scheibe, 2008; Keil and Freund, 2009; Porto et al., 2011) . To account for this association, we used a multiple polynomial regression imputation algorithm to estimate the hedonic valence and arousal of IAPS images of older adults based on 4 unpublished rating sessions of various subsets of the IAPS images in older adults. Details of this process have been published elsewhere .
Because of the correlation between valence and arousal, IAPS image content was interpreted in a unidimensional fashion to ensure validity with our older adult cohort. Initially, we had planned for 3 levels along this single dimension -low arousal positive (LAP), high arousal negative (HAN), and neutral. To identify images belonging to each group, we collected images that scored within 2 points of the most extreme relevant values for LAP or HAN (i.e., images scored 1-3 or 7-9, as applicable) or that scored within 2 points of the middle value on both dimensions for neutral images (i.e., images scoring 4-6). However, upon examination of the exemplars of each class, we determined subjectively that the neutral stimulus set showed poor face validity in terms of the types of content it encompassed, so we elected to use only 2 levels: LAP and HAN, as previously formalized.
Having selected the LAP and HAN images via the empirical methodology previously described, we next worked to ensure that our distractor task was not confounded with the emotional enhancement effect categories. Initially, we had planned to use a classical "man-made/not man-made" image content decision paradigm as the distractor task in this experiment. However, a Χ 2 test suggested that such a task would be correlated with emotional enhancement effects for our LAP and HAN image sets. The HHP task was selected for its lack of association with the hedonic valence/arousal category of stimuli.
Electrophysiological data preprocessing
ERP recordings were obtained from 62 scalp sites using Ag/AgCl electrodes embedded in an elastic cap at locations from the extended international 10-20 system. These electrodes were referenced to a midline reference electrode during recording and re-referenced to the average of the right and left mastoid potentials offline. Four additional channels were used for monitoring horizontal and vertical eye movements. Impedance was maintained below 5 kΩ. NeuroScan hardware was used for data collection.
First, electrophysiological data were averaged according to normative protocols. Specifically, they were partially preprocessed using SCAN 4.5. This preprocessing consisted of manual artifact rejection, a finite impulse response filter with a band-pass of .05-40 Hz at 12 dB/ octave, and epoching at −200-1000 ms relative to participant exposure to each stimulus. Epoched data were then processed further using the ERP PCA Toolkit (EP Toolkit). These steps included ocular artifact reduction using independent components analysis (ICA), motor artifact reduction, bad channel imputation, baseline-correction, and re-referencing to the average of the mastoid electrodes. These steps of analysis used default processing settings of EP Toolkit, with the exception that individuals epochs were permitted to vary within ± 75 μV of baseline rather than the default setting of ± 50 μV of baseline. This change is normative in older adult and/or clinical populations. Such epochs were then averaged for each of the 8 experimental conditions: whether a stimulus was a working memory match or non-match, whether an image was LAP or HAN, and whether an image was being tested for the first time or for an additional time.
Next, temporal principal components analysis (tPCA) was applied to the data to dissociate overlapping components present in the conventionally-averaged ERPs. In our opinion, this step was necessary in the current experiment and preferable to conventional difference waves on the grounds that individual stimuli varied on more than only psychological conditions (e.g., the LAP and HAN stimuli were not identical to one another; the images themselves differed). Promax rotation was used to permit limited correlation between temporal components, following the recommendation of Dien (2010) . Retained temporal components were identified using the protocol recommended by the EP Toolkit: the averaged data were compared to a random dataset, and components that explained both greater variance than the random dataset and at least 0.5% of variance in the data were retained. Principle components reflecting classical ERP signatures were identified using topographical maps of each component, each component's temporal course, and the effect of the experimental manipulations on each component.
Data analysis
Data were analyzed as 2 × (2 × 2) mixed robust ANOVAs on cognitive status (NC or MCI), emotional enhancement effect stimulus type (LAP or HAN), or repetition effect stimulus type (initial or repeated) or as 2 × (2 × 2 × 2) mixed robust ANOVAs for Experiments 1 and 2, respectively, using the EP Toolkit's robust ANOVA plug-in. Effects relevant to a priori hypotheses were first evaluated, and then post-hoc robust ANOVAs were performed for all principle components using similarly-structured robust ANOVAs. To limit the effect of multiple comparisons on these tests, each ANOVA was conducted only at the peak electrode of the corresponding component, and these tests were supplemented with Bonferroni correction on the number of components tested, where the components to be tested were the components retained as described in Data Processing. Simple-effects models were used to interpret interaction effects. All significance values listed are based on two-tailed p values except for directional a priori hypotheses, for which one-tailed p values were used. For the sake of brevity, results failing to reach one-tailed significance (i.e., p > 0.1) have been omitted from the report Additionally, to improve power to detect lower-order effects involving clinical group, data were analyzed as 16 dyad pairs to take advantage of shared variance attributable to similarities correlated with spousehood. Hence, behavioral data and processed ERP data were analyzed as 2 × 2 × 2 within-dyad robust ANOVAs on cognitive status (NC or MCI), emotional enhancement effect stimulus type (LAP or HAN), or repetition effect stimulus type (initial or repeated) or as 2 × 2 × 2 × 2 within-dyad robust ANOVAs (i.e., including a factor for stimulus working memory status in the relevant experiment) using the EP Toolkit's robust ANOVA plug-in. Ultimately, while this analysis did increase the ability to detect certain effects, the analysis was not associated with any categorical changes in the significance of lower-order effects in these experiments, so the analysis will not be discussed further. Behavioral accuracy results for Experiment 1 were not interpreted as accuracy was near ceiling and errors appeared stimulus-specific. Behavioral accuracy results for Experiment 2 were not associated with significant effects or interactions involving repetition (ps > 0.2). Behavioral results are summarized in Table 2 . Behavioral results of Experiment 2 were previously included in part in Broster et al. (2017) .
Results
Behavioral analysis
Conventionally-averaged waveforms
The conventionally-averaged waveforms showed classical components including a P3, frontal N400, posterior P2, and late positive component (LPC) (Fig. 3) . The experiments differed considerably in the apparent evoked potentials, particularly at the posterior P3 and frontal LPC. Respective components in the emotional delayed-match-to-sample task were shifted somewhat earlier in time, perhaps owing to more stringent time-pressure in that task. Individuals with MCI appeared to have smaller-amplitude ERPs, especially at frontal electrodes.
Difference waves of repetition effects (2nd − 1st) indicated that the simple emotional repetition task (Experiment 1) was associated mainly with a single repetition effect in the late time-window whereas the emotional task that involved repeated working memory retrieval (Experiment 2) was associated with both a later repetition effect and one earlier effect (Fig. 4) . However, even when observing difference waves, the independence of components was unclear. Further, neural repetition effects are theorized to be multiple and independent in manifestation, so overlapping components could produce a misleading impression of how individual components manifest (Grill-Spector et al., 2006) . Consequently, to identify independent electrophysiological components and to disentangle effects of adjacent components, tPCA was applied to the data.
Temporal principal components analysis
The primary principal components associated with the experiments corresponded to classical ERP components, including the P2, P3, frontal N400, P600, and late positive potential (LPP) (Fig. 5A) . One clear contrast between experiments was that the P600 was severely attenuated in the pure emotional repetition paradigm, but it was the largest temporal component in the emotional repeated retrieval paradigm. Further, the PCA solution suggested that the apparently-monolithic late repetition effect apparent in both experiments was actually composed of discrete overlapping phenomena: one peaking near 600 ms, and one peaking near the end of the epoched time-window. Because of the evidence that the late repetition effects might represent discrete effects rather than a monolith, statistical evaluation of the experimental data was restricted to analysis of the individual temporal components of the PCA solution. A detailed summary of the tPCA solution is included in Table 3 .
A priori analysis
For Experiment 1, the LPP was associated with a Group × Repetition interaction, T WJt /c (1.0,22.4) = 3.18, p = 0.10, resulting from a repetition effect being present for individuals without impairment, F (1,30) = 10.21, p = 0.003, but no such effect being present for individuals with MCI (Fig. 5B, first column) . For Experiment 2, the P600 was associated with a Group × Repetition interaction T WJt /c (1.0,26.2) = 5.78, p = 0.025, resulting from the repetition effect being larger in persons without impairment T WJt /c (1.0,15.0) = 22.32, p = 0.0029, than in persons with MCI, T WJt /c (1.0,15.0) = 7.47, p = 0.031, despite being present in both groups (Fig. 5B, second  column) .
Post-hoc electrophysiological analyses
In this analysis, post-hoc analyses were focused on effects related to repetition effects (i.e., main effects of repetition or statistical interactions in which repetition was implicated), so other effects will not be discussed here. After Bonferroni correction, no such effects reached significance for either experiment.
Integrated analyses
The behavioral and electrophysiological repetition effects previously identified were compared to the Uniform Data Set (UDS) and GDS neuropsychological scores associated with each participant. Data were organized into spousal dyads. First, the difference between the 2nd and 1st instance of an RT or mean ERP component voltage value was computed for each participant (2nd − 1st). Then, the difference in those resultant values between the dyad member with MCI and the member without impairment was computed. These values were correlated with the difference in neuropsychological scores between dyad members. For the sake of ease of interpretation, individual difference scores were subtracted such that larger degrees of relative impairment were associated with larger difference values (e.g., for neuropsychological tests where low raw scores were associated with superior performance, scores of the spouse without impairment were subtracted from those of the spouse with MCI; the opposite was performed for neuropsychological tests where high raw scores indicated superior performance). For the sake of parsimony, only the largest component associated with a significant repetition effect for each experiment was tested in this way (i.e., only the LPP for Experiment 1, and only the P600 for Experiment 2).
Noteworthy results included that larger MMSE score differences within a dyad (i.e., caused mostly by the degree of impairment of the individual with MCI) indicated larger differences in behavioral RT repetition effects in the simple emotional repetition task (Experiment 1), but to smaller differences in behavioral RT repetition effects in the emotional working memory task (Experiment 2) ( Tables 1, 2) . Additionally, the LPP repetition effect in the simple emotional repetition task was associated with many of the same neuropsychological scores as its associated behavioral RT repetition effects, but the P600 repetition effect was not associated with any neuropsychological scores other than the geriatric depression scale, short-form, an effect which appeared to be driven by a small number of participants with non-floor scores on this test.
Owing to the observation that the behavioral and electrophysiological repetition effects of the simple emotional repetition task appeared to uniquely have a similar correlational profile with regard to the neuropsychological scores of participants, the behavioral and primary electrophysiological repetition effects were similarly correlated. The respective scores for the simple emotional repetition task were correlated, Spearman's ρ = 0.68, p = 0.004, but the scores for the emotional working memory task were non-significantly correlated, Spearman's ρ = −0.32, p = 0.23.
Discussion
We found that persons with MCI and persons without impairment showed a late positive potential (LPP) repetition effect difference that mirrored the findings of Olichney and colleagues for Experiment 1, the task involving content evaluation (Olichney et al., 2006) ; however, for Experiment 2, a task that required patients to engage working memory, a repetition effect persisted during a distinct but temporally-overlapping component (P600). Interestingly, the P600 component was of very small magnitude in Experiment 1, and the P600 and LPP were difficult to distinguish visually without the benefit of PCA in both experiments. In our opinion, these findings indicate that a neural mechanism evoked by working memory is sensitive to repetition effects and maintains relatively intact repetition effects in MCI. This finding may account for why experimental repetition effects have manifested disparately in AD.
Behaviorally, both tasks were actually associated with more improvement in RT for individuals without impairment. This departed from a previous study that showed that individuals with AD showed more RT improvement than persons with MCI or those without impairment in the context of a non-emotional delayed-match-to-sample working memory task (Broster et al., 2013) . These two experiments differed methodologically in a few ways that may account for this discrepancy. First, the stimuli in the two experiments differed dramatically in complexity, luminance, coloration, and emotional content. Additional resources needed to process the characteristics of these stimuli may have revealed relative impairment in the MCI group that was not apparent in the previous experiment (Chakor et al., 2005; Hansen et al., 2012) . Second, the current experiments did not include a cohort that had received an AD diagnosis, so the clinical group that showed RT enhancement in the previous experiment (i.e., persons with mild dementia due to Alzheimer's disease) was not present in the current experiment. Since behavioral enhancement has been linked to only individuals with more advanced disease, it may be that such effects manifest only in more disordered cohorts (Klimkowicz-Mrowiec et al., 2008) .
Of note, in the current delayed-match-to-sample task, individuals with MCI did show a smaller repetition effect at the P600 than individuals without impairment, though both groups showed an effect that was larger than zero. This similarly departed from the previous study, which did not show such a contrast. In that study, the magnitude of repetition effects in MCI was similar to those of persons without impairment. Similar to our discussion of the behavioral results, this discrepancy may have resulted in differences in the experimental stimuli or the patient population. In our opinion, the remaining presence of a repetition effect in persons with MCI in the presence of working memory, even if attenuated, should be appreciated as a cognitive rehabilitation target (Boller et al., 2012) .
Additionally, we suggest that the current results emphasize the importance of ecological validity in psychological experiments, especially in the context of characterizing the cognitive capabilities of patient populations. In the current experiments, the residual late repetition effect capacity was visible only when evoked by cognitive challenge associated with working memory, and it was almost completely masked in the experiment with a simpler content-evaluation task.
The current experiments also included a replication and partial extension of Olichney and colleagues' extensive work on the use of repetition effects of late ERP components, which we have identified with the LPP component in the current experiments, as biomarkers for AD, MCI, or pre-AD (Olichney et al., 2006 (Olichney et al., , 2002 (Olichney et al., , 2013 (Olichney et al., , 2008 . In a repeated visual content-evaluation task similar to Olichney's repeated word content-evaluation task, we found that the LPP repetition effect Group-averaged reaction time and performance accuracy and standard error values for each empirical condition have been summarized. Reaction time values are reaction times associated with accurate responses only. Accuracy values are the proportion of total trials of each type to which an accurate response was given. Both experiments were associated with group differences in the manifestation of repetition effects. Match and Nonmatch refer to respective working memory retrieval status conditions. NC = normal control; MCI = mild cognitive impairment; LAP = low arousal positive stimuli; HAN = high arousal negative stimuli; 1st = initial presentation; 2nd = subsequent presentations. A modified subset of these data are included in a companion publication .
was attenuated to the point of extinction in persons with MCI, similar to his related findings. The current results extend Olichney's observations of the phenomenon in lexical items to complex visual stimuli and to emotional stimuli. These findings suggest that Olichney's candidate biomarker may be more robust than previously appreciated. Consistent with this possibility, a milder form of the late repetition effect reduction observed in this study and in Olichney and colleagues' work has been identified in comparing repetition effects linked to content evaluation in healthy older relative to younger adults, and passive viewing of images without evaluation has been linked to an absence of repetition effects at the LPP in younger adults (Schupp et al., 2006; Zhou et al., 2015) . However, we would like to emphasize that the existence of a candidate repetition effect biomarker does not preclude functional maintenance of behavioral repetition effects in this context. The current study used emotional stimuli because of a hypothesis explored in another manuscript related to the relationship between working memory and emotional enhancement effects . Although emotional valence was not related to the hypothesis explored in this study, the valenced stimuli certainly affected the ERPs evoked by the experiment. Most saliently, both studies evoked prominent LPPs, which are classically evoked by emotional stimuli (Hajcak et al., 2010) . It is likely that LPP would be less prominent in a version of (Table 2) . this paradigm that did not include emotionally valenced stimuli, which might make signal-to-noise less favorable in the relevant time-window and consequently reduce power to detect the current effects. However, it may be that some other late repetition effect potential obscured in the current context would plays an important role in mild cognitive impairment during that time-window. This is particularly likely given that repetition effect extinction in MCI has been identified in non-emotional paradigms (Olichney et al., 2013) .
Control participants in this study were uniformly the long-term partner of a participant with MCI. This recruitment choice likely improved power to detect significant effects, but it also means that the current control group systematically differs from control groups used in some similar experiments. While by definition persons with MCI do not yet experience functional consequences of clinical AD, the partners nonetheless likely fill a burgeoning caregiver role for their loved one. This role produces systematic effects on caregiver physical and mental health that should be considered in interpretation of the current results (Connell and Gibson, 1997; Daley et al., 2017; Llanque et al., 2016; Sorensen et al., 2002; Terum et al., 2017; Vinas-Diez et al., 2017) . More generally, because of the choice to use dyads to study AD in the current study, persons with AD without spouses or partners were not able to participate, limiting the external validity of the current study for such persons. However, because concerned family members often help persons with dementia to present for both tertiary clinical care and for research participation, this external validity limitation may reflect systemic health disparities present in both clinical and experimental contexts. Future work should endeavor to reach persons with dementia who present outside such settings.
In these experiments, ERPs associated with emotional repeated retrieval were not correlated with neuropsychological or behavioral outcomes, but ERPs associated with simple emotional repetition were correlated with both neuropsychological and behavioral outcomes. This finding replicates previous findings that the traditional correlation between particular later ERP components and behavioral outcomes, such Difference waves suggested that the simple emotional repetition paradigm (A) was associated with a repetition effect in the late time-window whereas the emotional repeated retrieval paradigm (B) was potentially associated with discrete earlier and later effects.
as reaction time, breaks down when coupled with cognitive tasks that engage multiple memory systems (Kutas et al., 1977; McCarthy and Donchin, 1981) .
Owing to the limited spatial resolution of pure ERP/EEG methods, we did not attempt source localization using the current data. However, studies of working memory, emotion, and repetition have been employed in fMRI experiments (Bentley et al., 2003; Migo et al., 2015; Narumoto et al., 2001 ). These results generally support a spatial narrative characterized by complex interactions between cognitive-emotional systems that modulate one another's behavior including regions ) and Experiment 2 (second column) at a frontal (first row) and posterior (second row) electrode. Notable is the stark contrast in the size of the P600 between experiments; the component is prominent for the working memory task, but almost negligible in the simple repetition task. Note that although the waveforms have been colored to highlight correspondence between experiments, the components' differed in ordinal variance contribution between experiments. These discrepancies can be scrutinized in the Appendix. B) These graphs show difference waves between the 1st and 2nd presentations of stimuli (2nd minus 1st; positive values indicate larger amplitudes with repetition). Individuals with MCI did not show a repetition effect at the LPP (first column), but at the large P600 that was only apparent in the working memory study, persons with MCI showed a repetition effect, albeit an attenuated one (second column). The first and second rows show the effect at a frontal (Fz) and posterior (Pz) electrode, respectively. LPP = late positive potential. such as temporal and intraparietal sulci, inferior frontal gyri, inferior occipital gyri, lateral fusiform gyri, cingulate cortex, and the amygdala (Pessoa, 2008) . However, because those studies have tended to involve only individual subsets of the concepts explored in this manuscript (e.g., repetition in the context of emotion, but not working memory; or repetition outside the context of Alzheimer's disease), the connection between any individual region and a particular ERP component requires further investigation. In our opinion, the current results, which identify discrete repetition effects at latencies differences unable to be discriminated with fMRI alone, indicate that simultaneous fMRI and ERP/EEG paradigms could be employed to link the phenomena in the current study to the neuroanatomic literature.
This experiment excluded individuals taking certain categories of psychoactive drugs, but individuals with mild cognitive impairment were uniformly taking donepezil or rivastigmine to treat cognitive change (Kumar et al., 2015) . These medications have known effects on ERP waveforms, so a subset of group differences identified in this study could be attributable to such differences (Guillem et al., 2006; Reeves et al., 2002) . Because the differences in ERPs in this experiment were associated with interactions between experimental conditions and groups, the relevance of this issue to the main findings of this manuscript is limited. However, care should be exercised in the interpretation of apparent simple group differences in the conventionally-averaged data.
The current experiments identified two discrete late repetition effects, one of which was only evoked to an appreciable degree by a concurrent working memory task. In the absence of a working memory task, we replicated Olichney's candidate AD biomarker, which was an absence of repetition effects at a late ERP component in persons with MCI. In the presence of the task, another late repetition effect manifested that was present in both groups, though it was attenuated in persons with MCI. These results suggest that persons with MCI maintain some typical repetition effects, but that they can only be observed in task-specific contexts (Grill-Spector et al., 2006) . TF1  TF2  TF3  TF4 TF5  TF6 TF7  TF8 TF9 TF10 TF11  TF12 TF13 TF14 TF15  TF16 TF17 TF18 The approximate temporal peak of the temporal components in each experiment and, if applicable, the classical ERP component it most resembles have been listed for each experiment. The vertical line separates the components that were retained for post-hoc analyses. Exp 1 = Experiment 1; Exp 2 = Experiment 2; TF = temporal factor; ms = milliseconds; LPP = late positive potential.
